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ABSTRACT

With ERS- 1 /2 satellite radar interferometry, it is now
possible to make measurements of glacier motion with
high accuracy and fine spatia resolution. We have
applied interferometric techniques to map velocity and
topography for severa outlet glaciers in Greenland. Yor
the Humboldt and Petermann glaciers, wc have combined
data from several adjacent tracks to make a wide-area
map that includes the enhanced flow regions of both gla-
tiers. Using these data in combination with thickness
data from the University of Kansas Coherent Radar
Depth Sounder (CORDS), we have estimated the dis-
charge flux of the Petermann Glacier upstream of the
grounding line, thereby establishing the potential use of
ERS-1/2 interferometric data for monitoring ice-sheet
discharge. Interferograms collected along a single track
are sensitive to only one component of motion. By utiliz-
ing data from ascending and descending passes and by
making a surface-parallel flow assumption, it is possible
to measure the full three-dimensional vector flow field.
We demonstrate the application of this technique for an
area on the Ryder Glacier. Finally, we have used ERS -1/2
interferograms to observe a mini-surge on the Ryder Gla-
cier that occurred in the Fall of 1995.

1. INTRODUCTION

Outlet glaciers are important elements of the great ice
sheets as their dynamics determine the rate of ice dis-
charge and, thus, exert a strong influence on ice-sheet sta-
bility. Studies of flow dynamics have been hindered by a
lack of data. Even with the advent of the global position-
ing system (GPS), ground-based surveys are expensive,
logistically-difficult, and provide measurements at only a
limited number of points. Feature tracking in pairs of
optical or SAR images can be used to measure velocity,
but this method does not work well for the large, feature-
less areas that comprise much of the ice sheets. Recent

results indicate that satellite radar interferometry pro-
vides an important new means for measuring ice sheet
velocity [Ref. i ] and topography [Ref. 2-4].

2. WIDE-AREA VELOCITY MAPPING

Interferograms collected along a single track are sensitive
to surface topography and motion in the radar line-of-
sight direction. Pairs of interferograms can be differenced
to cancel the effect of motion, which typicaly does not
vary with time on the ice sheets, particularity in the win-
ter. Such double-differenced interferograms can be used
to derive maps of surface topography [Ref. 2-4]. The
derived DEMs then can be used to cancel the effect of
topography in either of the originalinterferograms to
obtain a map of line-of-sight displacement [Ref. 5]. By
making a surface-parallel flow assumption and by using
the interferometrically determined surface slopes, it is
possible to cancel some of the effect of vertical displace-
ment caused by flow over bumps [Ref. 5]. The remaining
vertical displacement can be ignored to estimate the hori-
zontal velocity in the across track direction. The magni-
tudc of the error resulting from uncompensated vertical
displacement is typically afew percent of the along-track
(i.e., unknown) component of velocity.

We have applied this technique to measure ice velocity
and topography at several sitesin Greenland. An example
of thiswork isillustrated in Figure 1. This figure shows a
map of the across-track component of absolute velocity
for the Humboldt and Petermann glaciers in north-west
Greenland. Tie points from adjacent ice-free arcas were
used to make the measurements absolute and to estimate
the baselines accurately. The data from different swaths
were processed independently and then mosaicked
together without adjustment so the good agreement
across swath boundaries indicates that we have achieved
aiow level of error. Because the across-track direction is
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Figure 1. Contour map of the A°TO05 ¢_grack component of velocity for the Petermann and Humboldt Glaciers for the arca
indicated by a whitc rectangle in Figure 1. The across track direction is slightly different for cach swath. The approxi-
male across track dircction is indicated by an arrow in the lower Ieft corner. Contour interval is 20 m/yr for velocity le 88
than 200 m/yr and is 100 m/yr for val yeg greater than 200 m/yr. Red lines indicate focations of CoRDS profiles.

n Ezlrly aligned with the flow dircction, the error ducto
uncompensated vertical displacement is small.

The velocity map was generated using data from both
the tandem mission and 3-day pairs from the commis-
sioning and first ice phases. We achieved good correla-
tion for both data sets. Where we have the 3-day data
and arc able tounwrapit, errors arc significantly lower
with respect to tandem data, as we have the three times
the sensitivity 10 motion. FOr the fast moving  regions,
however, the 3-day data were aliased and we could make
measurcments only using tandem data. To accurately
mcasure the full range of ice velocities (i. e, 1 miyr -
7000 m/yr) arange of temporal basclines isnceded rang-
ing from afew hours to tens of days.

The velocity maps indicate that although the Humboldt
and Petermann  arc adjacent to cach other, they have
much different flow patterns. The Petermann is a fast-
moving outlet glacier thatis channclled by awell devel-

oped fiord extending back under the ice. The flow is
strongly convergent with peak speeds of ncarly 12(K) m/
yr near the grounding line. Using ice thickness data col-
lected with University of Kansas CoRDS we were able
to estimate the flux of the Petcrmannas 12.7 km3/yr. The
Humboldt discharges roughly half that volume across a
much wider calving face, exhibiting weakly convergent
flow with much slower flow speeds than the Petermann.

Our velocity map indicates that wide-ma mapping of
ice sheets 1S possible without any limitation imposed by
swath width and that such datacanbe used incombin .
tion with ice thickness data to measure ice discharge of
individ yal drainage basins.

3.3-D MEASUREMENT OF ICE FLLOW
The ice velocity measurements described in the previous

section arelimited as they yield only asingle component
ol motion, whercas we would like to measure the full



Figure 2. Horizontal velocity field plotted over the SAR amplitude image of the Ryder Glacier. Contour interval is 20
m/y’(cyan) for velocity less than 200 m/yr and is1()() m/yr (blue) for values greater than 200" m/yr. Red arrows indic ate

{flow direction and have length proportionalto speed.

three-component vector. Ideally, this requires observa-

tions from tracks with three different orientations. For

ice, however, we can assume thatflow is parallel to sur-
face. This allows US to combine data from ascending and
descending passes with our interferometrically deter-
mined knowledge of surface slope to measure the full
velocity vector [Ref. 6]. An example of the application
of this technique to the Ryde r Glacier, Northern Green-
land isshown in Figure 2.

in making the surface-paraliel flow assumption we have
ignored small deviations fromsurface-parallelflow(i.c.,
the submergence and emergence velocity). The data pro-
vided with this method arc extremely useful for most ice
dynamics studies. With a SAR that can observe from
both sides, however, it would be possible to collect data
from three directions and measure ice flow without
ignoring the submergence/e mergence velocity. Such data
would be extremely useful for making local ice-sheet
thickening/thinning estimates, especially when com -
hined with laser altimeter observations.

Although we do not have ground truth to fully validate
our results, qualitatively we appear to have captured the
main clements of the Ryder flow field, In places where
there arc flow stripes or other indicators of flow direc-
tion, we get good agreement with the measured flow
direction. *1’bus, with ascending and descending dataitis
possible to map vector ice flow over large arcas on the
ice sheets. Although the mosaicking s slightly more
complicated, when adeq uate ascending and descending
dataare acquired it witl be possible to map vector veloe-
ity over entire ice sheets.

4. MINI-SURGE OB SERVATION

The ability to acquire frequent snap shots of ice velocity
is important for monitoring scasonal or cpisodic changes
in glacier velocity. Wc have used tandem ERS data to
documenta nlii~i-surge onthe Ryder Glacicr, which
occurred in the Fall of 1995.

Figure 3 shows two interferograms that have been pro-
cessed to remove topographic effects 8o that cach fringe
(ycllow-red transition) represents 2.8 em ol displace-



Figure 3. Interferograms from the lastmoving arca of” the RyderGlacier (a) before (2 1 -22 September 1995) and (b) dur-
ing (26-27 October1995) a mini surge. Each (ringe IS equivalent o 7.2 ¢m ol horizontal displacement in the across
track direction or 3.() cm of vertical displacement. Both interferograms were acquired from data collected along the
same descending track.

ment directed toward or away from the radar. The inter-
ferogram from the September observation (Figure 3a)
agrees well with another interlerogram from ERS- |
images acquired in March 1992 and appears to represent
velocity in the normalflow mode o1 100-500 m/yr for
mostof the glacier.

["here are striking differences between the September
and October observations over the fast-moving portion
01 the glacier. Inarcas where we could unwrap the
phase, we measured differences of up to 150 m/yr repre-
senting a speed up of more than 50 pet’cenl. For alarge
part of the area where we could notunwrap the phase,
the fringe density appears (() haveat least tripled, indi-
cating increases in speed by a factor of three or more.

Analysis of aninterferogram (not shown) formed from
images acq vired 8 and 9 November 1995 along an
ascending track indicate that there was no significant
enhanced flow a this lime. Thus, the PV -surge appears
to have started and ended sometime between 22 Seplems-
ber and 8 November with enhanced low observed over
the interval from 26-27 October.

There is little information (m the temporal variability of
outlet glacier andice stream flow in Greenland and Ant-
arctica. Our results indicate that significant variation can
occur and that such behavior can be observed via satel
lite radar interferometry. <1°1111s, aprogramof regular
observation of many outlet glaciers could help #NSWCy

fundamental questions regarding the scasonal and epi-
sodic variability of” ice flow.

5. CONCLUSIONS

Satellite radar interferometry provides an important tool
for measuting liit velocity and topography with unprece-
dented spatial detail and coverage. As the only existing
data set with suitable temporal basclines for measuring
ice motion, the FRS-172 and RS - [ ice and commission-
ing phase data should be fully exploited 1 0 provide
importantnew I formation 101- glaciologicalrescarch.
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